In the presence of inversion-symmetry-breaking, Rashba-type spin-orbit coupling (SOC) lifts the spin degeneracy, which underlies a wide variety of fascinating phenomena [1] . Two-dimensional electron gases (2DEGs) formed at surfaces and interfaces have provided canonical examples of this and have been intensively studied because of their potential for spintronic applications [2] [3] [4] [5] [6] [7] . In spite of only modest atomic SOC in SrTiO3 (STO), 2DEGs based on STO (001) have recently emerged as strong candidates for oxide spintronics following the observation of highly efficient charge-spin interconversion in 2DEGs both at the STO surface [8] and LaAlO3/SrTiO3 (LAO/STO) interface [6, 9, 10] .
High mobility 2DEGs have also been engineered at STO (111) surfaces and interfaces [11] [12] [13] [14] . These studies were motivated by predictions for the existence of novel topological and multiferroic phases in (111) bilayers of ABO3 cubic perovskites [15, 16] . As shown in Fig. 1(a) and 1(b), the B site ions (Ti) of a bilayer resemble a honeycomb lattice, similar to that of graphene and topological insulators such as Bi2Se3.
Theoretical studies of the spin texture in STO (001) 2DEGs have revealed a picture of unconventional Rashba spin-splitting enhanced at the avoided crossings of subbands with orthogonal orbital character [17] [18] [19] [20] [21] . This picture supports experimental an evidence of SOC in LAO/STO 2DEGs, such as gate-tunable magnetotransport [22] [23] [24] and the unusual gate voltage dependence of spin-charge conversion efficiency [6] . In contrast, little is known about the spin texture of STO (111) 2DEGs or generally about the effect of surface orientation on spin structure.
Magnetoresistance that scales linearly with both the applied electric and magnetic fields has recently been discovered in a three-dimensional (3D) polar semiconductor [25] and a topological insulator [26] . This bilinear magnetoelectric resistance (BMER) causes a second order current density component ) ( [25, 26] . Such a non-reciprocal charge conductivity can occur in nonmagnetic systems which have a spin-split Fermi surface with momentum-dependent spin textures [25] [26] [27] . In the presence of a magnetic field, which breaks time reversal symmetry, the Fermi surface of such a system can deform, permitting non-zero second order charge currents [25] [26] [27] .
The nature of the Fermi surface deformation and thus the symmetry of the BMER signal with respect to the crystallographic axes depends on the zero-field spin texture and the direction of the magnetic field [26] . Taking advantage of this, BMER experiments have emerged as a sensitive probe of spin textures. This was demonstrated in Bi2Se3 where the modulations of the BMER signal induced by changing the directions of both magnetic and electric fields with respect to the crystallographic axes, were shown to be signatures of hexagonal warping in the topological surface state (TSS) [26] . In the 3D polar semiconductor BiTeX (X = I, Br), which hosts Rashba spin-split bulk bands [25] , the BMER signal was shown to be a direct probe of intrinsic band structure parameters such as the effective mass and the Rashba SOC strength [25] . Note that the BMER has a different origin from the unidirectional spin Hall magnetoresistance found in ferromagnet/normal metal bilayers [28, 29] , which relies on a ferromagnetic material to provide spin-dependent asymmetric scatterings.
In this work, we report the observation of a BMER signal in the d-orbital 2DEG at the STO (111) surface [ Fig. 1 (a) and 1(b)], demonstrating spin-splitting. We show that our BMER measurements reveal a three-fold symmetric out-of-plane spin component that breaks the six-fold symmetry of the 2DEG subband dispersion, and an in-plane spin component locked perpendicularly to the momentum. By performing tight-binding supercell calculations based on the relativistic density functional theory of the STO bulk band structure, we find that this 3D spin texture is fully described by the effects of confinement of the STO t2g conduction band in the (111) plane. We also show that the BMER can be substantially tuned through oxygen vacancy doping, electrostatic gating and temperature variation. Our findings highlight the untapped potential of SrTiO3 (111) based 2DEGs as a playground for spintronic applications.
Our BMER measurements were performed on the 2DEG formed by Ar + -irradiation of the surface of commercial, insulating single crystals of STO (111) [8, 30, 31] . The 2DEG emerges due to quantum confinement of electrons by a band-bending potential near the surface, induced by oxygen vacancies created by the Ar + -irradiation [13] . By tuning the irradiation time and power we can control the carrier density of the 2DEG [30, 32, 33] . The thickness and dimensionality of the electron gas are discussed in Supplemental Material [32] , which includes Refs. [34] [35] [36] [37] . We created 2DEGs with a Hall bar geometry as shown in Fig. 1 (c) using standard photolithography techniques [32] . The experimental geometry is shown in Fig. 1 The linear current dependence of BMER implies a quadratic dependence of the current density on the electric field [32] . In order to disentangle the BMER signal form the current-independent resistivity, we apply an a.c. current Iω = Isin(ωt) while measuring the longitudinal voltage of the first harmonic (Vω) and second harmonic (V2ω) simultaneously, and we extract the second harmonic resistance R2ω from V2ω [32] . However, ARPES studies have reported a six-fold symmetric Fermi surface for the STO (111) surface 2DEG [13, 14] . We conclude that the out-of-plane component of the spin texture in our BMER experiment breaks the symmetry of the electronic dispersion.
To investigate the origin of this signal, we have performed tight-binding supercell calculations for the STO (111) 2DEG based on a relativistic density functional theory calculation of the bulk band structure [32] . The supercell used for calculation has 90 Ti layers. Consistent with previous calculations and ARPES experiments [13, 14] , the Fermi surface for a 2DEG shown in Fig. 3 (e) has a six-fold rotational symmetry. This reflects the equivalence of the t2g orbitals in the (111) plane and thus the orbitally-insensitive effect of quantum confinement on the bulk conduction band [13, 14] . As shown in the inset of Fig. 3(e), in contrast to previous calculations, spin degeneracy is lifted due to the inclusion of atomic SOC in addition to an inversion symmetry breaking confinement potential. We find this Rashba spin-splitting to be less than 1 meV throughout the band structure, leading to very closely spaced Fermi surface sheets. R2ω in the xy scans for different Θ in Fig. 3(a-c) .
In a free electron Rashba 2DEG system, the spin texture lies entirely in the plane of the surface or interface. In contrast, our calculation predicts a significant out-of-plane spin expectation value S111 for the subbands of the STO (111) 2DEG. S111 is represented by the red/white/blue color scale in Fig. 3 (f) and shows a clear three-fold symmetry. In the presence of an out-of-plane magnetic field, this spin texture will result in a deformation of the Fermi surface with three-fold rotational symmetry. Therefore, S111 in our calculation supports the identification of out-of-plane spin as the origin of the three-fold rotationally symmetric BMER signal in the zx and zy scans of Figs. 3(a-c) . The maximum canting angle of the spin vector with respect to the (111) plane for the largest Fermi surface sheet in our calculation is ~24 and along the Θ = 0 direction, which is comparable to the experimental canting angle we find in Fig. 3(d) . dependence on temperature and nH [32] . A further tuning of χ can be achieved by applying a back-gate voltage Vg, as shown in Fig. 4(c) . χ can be modulated by one order of magnitude by gating, which we utilized to increase the signals for the experiments in Fig. 3 . We find an nH -3 dependence of χ at 2 K. This dependence is predicted to arise in a single band 2D
Rashba system by the single relaxation time approximation of the Boltzmann equation [25] .
However, the strong enhancement of χ that we observe below ~50 K cannot be explained within the same framework. Equally surprising is the large magnitude of χ, which reaches 20 A -1 T -1 at 2 K in our STO (111) 2DEG. This value is an order of magnitude larger than that found for a Rashba system whose spin-splitting of 75 meV is larger than the nominal bandwidth of the STO (111) 2DEG [25] . It also exceeds the value found for the TSS of Bi2Se3 which has only a single Fermi surface sheet [26] . This is remarkable because, within the single relaxation time approximation of the Boltzmann equation, the opposite helicities of the closely spaced Fermi surface sheets of the STO (111) 2DEG, as shown in Fig. 3(e) , should lead to a small BMER signal. Our data thus question the validity of the single relaxation time approximation in STO (111) 2DEGs and highlights the possibility of a large effect arising from subband dependent scattering rates. The large χ in our samples despite only a very small spin-splitting further suggests advances in the theory of second order conductivity in oxides, for example considering coherent superposition of spin states [38] or magnetic breakdown between the very closely spaced Fermi surface sheets [39] , are needed to achieve a quantitative understanding.
In summary, we have revealed the 3D nature of the spin texture of the STO (111) 2DEG by probing the BMER. Supported by band structure calculations, we conclude that the STO (111) 2DEG has a spin-split subband structure with a three-fold symmetric out- [010]
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